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This thesis introduces a new adjustment factor for the probability-based 
load and resistance factor (LRFD) design for wood structures. By investigating 
the empirical data of reaction forces for a wooden house built by the Forest 
Product Laboratory in 2001, it is found that the reaction values exhibit great 
variability. To explore the causes of this variability, a 3-D finite element model is 
built and analyzed using commercial software MSC/Nastran. It is found that 
differences in member geometry are a major cause of reaction variability. In 
examining the potential effect the reaction variability might have on the structural 
safety, reliability is assessed for two different types of wood products under 
several different situations. Finally, a new adjustment factor Ks, which accounts 
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1.1 Literature Review 
Wood structures account for 90% of all the residential buildings and a 
considerable amount of commercial buildings in the United States (Nunnally 
2007). Wood is a sustainable and efficient building material. It has a great 
strength to weight ratio. Compared with other building materials, the production 
of structural timber requires in general less energy (STEP 1995a). Therefore, 
wood structures have a large potential when environmental and energy-efficient 
problems are becoming increasingly important. 
Historically and currently, the Allowable Stress Design (ASD) method 
dominates the design of wood structures. ASD applies a factor of safety (FS) to 
reduce material resistance to an allowable value for design and is very 
straightforward. However, the major disadvantage of ASD is that it results in 
inconsistent levels of safety, or failure probability, for various structural members. 
In the last several decades, many codes were reformulated based on a new 
design philosophy—Load and Resistance Factor Design (LRFD). Using concepts 
from structural reliability theory, load and resistance factors for different types of 
loads and material resistances were developed to insure that all structures have 
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a uniform level of safety. (Ang and Cornell 1974; Ellingwood et al. 1982; 
Ellingwood et al. 1981; Galambos et al. 1982) 
As a probability-based limit state design method, LRFD has the following 
advantages (Ellingwood et al. 1980):  
 Consistent risk level is achieved for different design situations. 
 It simplifies design by using the same load criteria for all construction 
materials. 
 The reliability level can be chosen to reflect the consequences of 
failure. 
 It provides a tool for updating design standards in a rational manner.  
These advantages lead to the development of LRFD codes for steel, 
concrete and wood structures. (AISC 2000; ACI 1999; AF&PA 2005) 
The basic format of the LRFD design equation assumes the following form: 
i i nS R                                                      (1) 
where Si is the nominal load effect for the particular limit state (i.e., bending, 
shear, compression, etc); i  is the load factor for the corresponding load effect; 
nR  is the nominal resistance for the particular limit state; and   is the resistance 
factor, which usually has a value less than 1.  
The most recent design specification for wood, the 2005 edition of the 
National Design Specification for Wood Construction (NDS) (American Forest & 
Paper Association and American Wood Council 2005), introduces the LRFD 
format for wood structures as well as the traditional ASD format. 
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The general LRFD format of design equation for wood members design 
takes the form: 
i i n adjS R C                                               (2) 
where   is the time effect factor and Cadj represents a series of adjustment 
factors considering different conditions, such as wet service (CM), 
temperature(Ct), beam or column stability factor (CL & CP), size (CF for sawn 
lumber), volume (CV for glulam beam), flat use (Cfu), etc. 
In the past three decades, two of the major efforts involved in the 
calibration of LRFD codes for wood structures were concentrated on the 
duration-of-load effect and system reliability of wood structures. While the former 
deals with time dependent strength characteristics of wood (Ellingwood and 
Rosowsky 1991; Foschi and Barrett 1982; Rosowsky and Fridley 1992), the latter 
is concerned with the system behavior of wood (Folz and Foschi 1989; Foschi 
1982; Rosowsky and Ellingwood 1991; Rosowsky and Ellingwood 1992). Based 
on these research efforts, a time effect factor was introduced to account for the 
duration of load effect and a system factor was introduced to account for load 
sharing effects in a wood structural system containing multiple wood members. A 
significant body of research exists that describes the uncertainties of material 
resistance of wood structural members (Fridley et al. 1992), as well as 
uncertainty in load effects (Ellingwood et al. 1980; Simiu and Heckert1996; Diniz 
and Simiu 2005). However, little research is focused on the uncertainty of how 
the structure experiences the load; ie. how the load, once applied to the structure, 
is distributed to its members. That is, the uncertainty of the load path in 
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indeterminate structures. Due to the variation associated with the load path in an 
indeterminate wood structural system, an individual member within the system 
might experience a significantly different load effect than the expected 
deterministic value. These uncertainties may result from temperature and 
moisture effects, difference in member geometry, differential settlement, etc. The 
potential consequence of this uncertainty on the structural safety of wood 
structures has not been addressed. 
1.2 Research Objectives 
The purpose of this research is to investigate the possible causes of the 
variability of load path in a wood structural system and the potential effect on 
structural safety. A test structure built by the United States Department of 
Agriculture (USDA) Forest Products Laboratory (FPL) in 2001 is used as a case 
study for investigation. This structure is described in detail in Chapter 2. The 
specific objectives of this research are: 
1. Identify the likely cause of variability in load path using a three 
dimensional finite element model. 
2. Develop the statistical parameters describing load path variability. 
3. Compute the effect of load path variability on the structural safety of 
wood members using structural reliability theory. 
4. Develop a design approach that can be used to account for this 
uncertainty in the LRFD code for wood structures. 
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1.3 Organization of Thesis 
Chapter 1 covers the scope of research and organization of the thesis. 
Chapter 2 describes the test structure and reports the experimental data for roof 
reactions. To investigate the cause of the uncertainty in reaction forces, a finite 
element model of the house is constructed in Chapter 3. Chapter 4 compares the 
results of experimental and theoretical values. It then examines some 
hypotheses on the causes of the reaction variability. Chapter 5 presents the 
statistics of variability for the experimental data. Chapter 6 evaluates wood 
component structural reliability for two different cases and develops an 




TEST STRUCTURE AND THE ORIGINAL EXPERIMENTAL DATA 
2.1 Location of the Test Structure 
The test structure is a wooden house which was built by the Forest 
Products Laboratory (FPL) in 2001.  It is a full-scale instrumented residential 
structure located in Gulf Islands National Seashore. This park service land is 
situated between Gulf Breeze and Oriole Beach on a peninsula off the coast at 




Figure 2.1 The location of the test structure 
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2.2 Description of the Test Structure 
The structure is a single-story house, 44 feet long by 28 feet wide, with a 
floor-to-ceiling height of 10 feet.  It can be viewed as two substructures: the hip 
roof structure at the top and the substructure below the roof. A northwest view of 




Figure 2.3 A northwest view of the test structure 
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Figure 2.4 Architectural plan of the house 
 
Trusses have a 2-foot overhang around the house. The wood trusses are 
spaced at two-foot on-center except that the two small trusses at the ends are 
located at one foot away from the corner. The plan view of the arrangement of 
the roof trusses and rafters are presented in Figure 2.5. There are eleven 
different types of roof components in total. Six types of trusses are designated as 
A1 through A6. Five types of rafters are named CJ1, CJ3, CJ5, EJ7, and HJ10. 
Detailed sketches of the trusses and rafters can be found in Appendix A. 
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Figure 2.5 Plan view of the trusses and rafters layout 
 
The substructure below the roof is made of a double top plate, studs, and 
wall sheathing panels. The trusses and rafters rest on the double top plate. Every 
truss or rafter aligns with a stud under the double top plate. The studs and double 
top plate are nominal 2x4 members. There are 76 studs in total. The wall 
sheathing is standard 4x8 oriented strand board (OSB) paneling, with 
1) Nominal thickness of 1/2 inch 
2) Nails are 8d, spaced 6" in the horizontal and  4" in the vertical   
3) Panels are oriented vertically 
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4) A full panel is placed at top edge of the wall, with the short (cut) panel 
placed below. 
5) Interior partitions are attached at the outer walls but not attached to roof 
trusses. 
Figure 2.6 shows a view of interior of the house. 
 
 
Figure 2.6 A view of interior of the house 
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2.3 Experiment Instrumentation 
Load cells are used to measure the reaction forces under the trusses and 
rafters. The original purpose of this instrumentation was to record the wind load 
effects. In this study, the focus is on the reaction forces under the dead load ----
the weight of the roof itself. 
The distribution of load cells is shown in Figure 2.7. The letter L 
represents a load cell. The letters S, N, W, and E represent the south, north, 
west and east sides of the house, respectively. For example, S08L stands for the 
8th south load cell. As can be seen in the figure, there are 68 load cells all 
together. In general, there is a load cell below each truss or rafter. However, an 
exception exists for the rafters CJ3.  
The load cells are placed between the double top plate and the bottom 
cords of trusses or rafters. Figure 2.8 and Figure 2.9 show the location of the 
load cells. (Jungmann 2007) 
 14 
 
Figure 2.7 Distribution of load cells 
 
 




Figure 2.9 Load cells location and roof components 
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2.4 The Original Experimental Data 
The data used in this study were recorded on August 28, 2005. This study 
only uses one set of data for which the wind speed was insignificant (0.13 mph). 
Since the wind speed is very low, the data can be regarded as the reaction 
forces under the weight of the roof only. Table 2.1 and Table 2.2 show the 
original experimental data. The data are also presented in Figure 2.10-Figure 
2.13. 
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Table 2.1 The original experimental data in the south & north directions 
Load Cell Force (lbs) Load Cell Force (lbs) 
S01 129 N01 217 
S02 156 N02 122 
S03 343 N03 296 
S04 334 N04 259 
S05 336 N05 306 
S06 347 N06 349 
S07 187 N07 260 
S08 185 N08 109 
S09 228 N09 218 
S10 223 N10 273 
S11 161 N11 211 
S12 250 N12 223 
S13 216 N13 310 
S14 175 N14 250 
S15 286 N15 356 
S16 245 N16 238 
S17 313 N17 260 
S18 255 N18 258 
S19 170 N19 208 
S20 261 N20 368 
S21 263 N21 182 
S22 80 N22 115 
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Table 2.2 The original experimental data in the west & east directions  
Load Cell Force (lbs) Load Cell Force (lbs) 
W01 91 E01 103 
W02 132 E02 167 
W03 75 E03 79 
W04 140 E04 115 
W05 91 E05 62 
W06 77 E06 125 
W07 66 E07 111 
W08 144 E08 67 
W09 97 E09 78 
W10 59 E10 118 
W11 183 E11 144 





























































































































































Figure 2.13 Illustration of the east experimental values 
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CHAPTER 3 
FINITE ELEMENT MODELING AND ANALYSIS 
3.1 Introduction 
In this chapter, the finite element model for the house is described. 
MSC/Patran (MSC Software Corporation 2005b) was used for building the model. 
MSC/Nastran (MSC Software Corporation 2005a) was used for the finite element 
analysis. Sections 3.2 to 3.4 summarize the modeling process. Section 3.5 
presents the results. 
3.2 Model Geometry 
Two types of coordinate systems are used in the model: the basic 
coordinate system and element coordinate system. 
In this study, the locations of the model nodes (grid points) are defined 
relative to the basic coordinate system. (See Figure 3.1) The results of grid point 
(displacement, grid point forces, etc.) are also generated in the basic coordinate 
system. 
The element coordinate system is used to output the quantities associated 
with elements, such as the element forces, moments, and stresses. 
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Figure 3.1 The basic coordinate system and the finished FE mode 
3.3 Finite Elements 
In the last chapter, the test structure was divided into two substructures: 
the roof structure and the wall structure. The finite elements used in each of 
these substructure models are described below. 
3.3.1 Basic Finite Elements in MSC/Patran 
Four types of elements are used in this modeling process: CROD, CBAR, 
CTRIA3 and CQUAD4. The former two elements are one-dimensional linear 
elements, while the latter two are two-dimensional surface elements.  
CROD is a truss element that can carry axial load and axial torsion only. 
The element coordinate system for CROD element is shown in Figure 3.2. 
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CBAR is a frame element and can support axial load, bending in two 
perpendicular planes, and torsion, resulting in six degrees of freedom (DOFs) for 
every grid point (Miller 1996). The element is shown in Figure 3.3. 
CTRIA3 and CQUAD4 are plate elements. CTRIA3 is triangular element 
and CQUAD4 is quadrilateral element. CQUAD4 can model in-plane, bending, 
and transverse shear behavior. CTRIA3 is used for filling in irregular boundaries. 
The elements are shown in Figure 3.4 and Figure 3.5. 
 24 
 
Figure 3.2 CROD element (Lee, 1997) 
 
 
Figure 3.3 CBAR element (Lee, 1997) 
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Figure 3.5 CQUAD4 element (Lee, 1997) 
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3.3.2 Roof Elements 
For the roof, roof trusses and rafters, nails, and sheathing panels are 
considered. 
CBAR elements are used to model the truss members. Seven different 
types of truss members are used in the house. Therefore, seven different CBAR 
property sets were created for roof elements. Table 3.1 lists the CBAR properties. 
Table 3.2 identifies the property set for each truss and rafter member. 
 




Corresponding Member E(ksi) Area(in2) Ixx(in4) Iyy(in4) 
1 2x4 SP #2 1600 5.25 5.36 0.984 
2 2x4 SP #2 + 2x6 SP #2 1600 13.5 26.2 2.53 
3 2x4 SP #3 1400 5.25 5.36 0.984 
4 2x4 SP SS Dense 1900 5.25 5.36 0.984 
5 2x4 SP SS Dense+ 2x6 SP #2 1720 13.5 26.2 2.53 
6 2x4 SP 2700f - 2.2E 2200 5.25 5.36 0.984 
7 2x4SP 2700f-2.2E+2x6SP #2 1830 13.5 26.2 2.53 
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Table 3.2 Property set numbers for truss and rafter members 
  Truss Designation 
  A1 A2 A3-5 A6 HJ10 CJ3,5,7 CJ1 
Top Cord 1 1 1 4 1 1 1 
Very Top Cord * 4 * 1 * * * 
Bottom Cord 1 4 6 6 1 1 * 
Overhangs 2 5 7 7 2 2 2 
Webs 3 3 3 3 3 * * 
 
Nails are modeled as the connection between truss members and 
sheathing panels with both ends released. The property is given in Table 3.3. 
 




End Release E(ksi) Area(in2) Ixx(in4) Iyy(in4) 
 Yes 29000 0.0135 0.001 0.001 
 
The roofing material adds no structural stiffness or strength, so only 
plywood sheathing is modeled. CQUAD4 and CTRIA3 elements are used. The 
properties are given in Table 3.4. 
 
Table 3.4 Property for plywood sheathing 
CQUAD4 
Property 
E(ksi) G(ksi) Nu 
Thickness 
(in) 




Figure 3.6 Sheathing panel layout 
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Figure 3.7 CBAR elements of the roof in the FE model  
 
Figure 3.8 CTRIA3 elements of the roof in the FE model 
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Figure 3.9 CQUAR4 elements of the roof in the FE model 
 
Figure 3.10 CQUAD4 elements of the roof in the FE model 
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3.3.3 Wall Elements 
The house walls include studs, a double top plate and wall panels. Figure 
3.11 shows the finite element model of the stud walls. The sole plate is not 
structurally relevant to this study and was not modeled. However, its affect is 
considered in the S elements that are discussed below. 
 
 
Figure 3.11 Elements below the roof 
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Three different elements exist for the walls. They are named S, Bh, and 
Bv (See Figure 3.12. They are marked Blue, Green, and Red respectively). The 
S elements are for the studs and wall panels. The Bh elements are for the double 
plate, and Bv elements are extra elements for the top plate and are used to 
represent the axial material properties perpendicular to the top plate span 
(otherwise not considered in beam elements). A summary of the elements below 
the roof is given in Table 3.5. 
 
 




Table 3.5 Summary of elements below the roof 
 Type E (ksi) A (in2) I1 (in
4) I2 (in
4) Ends Release 
S * CROD 1400 10.99 0 0  
Bh CBAR 1400 10.5 7.78 10.7 No 
Bv CBAR 1400 5.25 Infinity Infinity ** Yes 
* For S elements, the cross sections include studs and wall panels, which have 
different E. So the area is not actual area but an equivalent area. (See Figure 
3.13) 
** This element is rigid in bending. 
 
 
Figure 3.13 The stud and wall panel 
 34 
3.4 Loads and Boundary Conditions 
This research focuses on the distribution of the reactions of the roof 
trusses due to gravity loads. Two sorts of loading are applied on the roof: 
concentrated loads and distributed loads. They are used to simulate the weight of 
roof sheathing and trusses respectively. 
3.4.1 Distributed and Concentrated Loads 
Distributed loads are applied at the bottom cords of the trusses or rafters. 
The magnitude of the distributed load is equal to the weight of each truss or rafter 
divided by the length of the bottom cord. Figure 3.14 shows one truss subjected 
to the distributed load. 
 
 
Figure 3.14 West view of the house subjected to truss weight. (only one 
truss is shown) 
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As discussed in chapter two, six types of trusses are designated as A1 
through A6.  Five types of rafters are named CJ1, CJ3, CJ5, EJ7, and HJ10. 
(See Appendix) 
Wood density is taken from NDS and shown in Table 3.6. The distributed 
loads for these trusses and rafters are given in Table 3.7 
 
Table 3.6 Approximate weight of two types of wood 
Nominal Size Approximate weight in lb/ft 
2x4 Standard Dressed Sawn Lumber 1.276 
2x6 Standard Dressed Sawn Lumber 2.005 
* A density of 35 lb/ft3 is assumed. 
 
Table 3.7 The values of distributed loads for trusses and rafters 
Trusses or Rafters length(ft) Values of Distributed Loads(lb/in) 
A6 32 0.363 
A5 32 0.377 
A4 32 0.377 
A3 32 0.377 
A2 32 0.377 
A1 32 0.403 
CJ5 5 0.267 
CJ3 3 0.267 
CJ1 1 0.267 
EJ7 7 0.265 
HJ10 10 0.265 
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 Concentrated loads are applied vertically at every grid point of the 
sheathing panel in the FE model to simulate the weight of roof sheathing. Figure 
3.15 shows a part of the roof subjected to concentrated loads. 
Roof components include asphalt shingles, a felt ply sheet, plywood 
sheathing, and a gypsum ceiling. The total unit weight (pressure) is 6.48 psf. The 
components are listed in Table 3.8 
 
Table 3.8 Components of roof sheathing 
Unit Weight  Values(psf) 
Asphalt shingles  2 
Single felt ply sheet 0.7 
1/2-in. plywood sheathing 1.6 
Gypsum ceiling 2 
Nailing/connections   0.18 
Total weight  6.48 
 
In general, the magnitude of a single concentrated load is equal to the 
pressure load on a sheathing panel times the area of a roof CQUAD4 element. 
Since the unit weight of the roof sheathing is 6.48 psf and a typical CQUAD4 has 
a dimension 6” x 6”, The magnitude of a point load is 0.5x0.5x6.48= 1.62 lb. 
Some exceptions exist at the connections between two panels and the 
connections at the roof edges. Since two nails are modeled at these connections, 
the values of point loads at these connections are adjusted to one half. See 
Figure 3.16--Figure 3.18. 
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Figure 3.15 West view of the house subjected to weight of the roof 
sheathing. (only two parts are shown) 
 
 
Figure 3.16 Connections between two panels
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Figure 3.18 Top view of the grid points where concentrated loads are 
adjusted 
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3.4.2 Boundary Conditions 
Single point constraints (SPCs) are applied to the grid points at the bottom 
end of all 76 studs. Every grid point has six DOFs. The grids are only constrained 
in three of the six DOFs so that no translations are allowed.  
To provide lateral stability to the model, three extra horizontal SPCs are applied 
to the grid points at the top of two studs. One grid point is constrained in the X 
and Z directions. The other one is constrained in the Z direction. The boundary 
conditions are shown in Figure 3.19 and Figure 3.20. 
 
Figure 3.19 Boundary conditions for the house 
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Figure 3.20 Boundary conditions for the house (West View) 
3.5 Initial Finite Element Analysis Results 
The analyses are carried out using MSC/Nastran. The results are obtained 
from the output files that include the forces of Bv elements.  
Figure 3.21-Figure 3.24 show roof reaction results for the south, north, 













































































































































































3.6 Modeling of the Effect of the Garage Door Opening 
As can be seen in the architectural plan in Figure 2.4, there is a garage 
door in the south wall with a width of about 10 feet. Since no studs exist below 
the door, the higher flexibility associated with this portion of the wall may affect 
the results, as the opening was not explicitly modeled.  
Two models are constructed to explore the effect of the garage door opening. 
One model is a simply supported beam, which is used to simulate the actual 
conditions of the garage door. Although the actual E and I are not specified in the 
available construction documents, based on standard wood design practices, E 
is assumed to be 1300 ksi and I is taken as 356 in^4 (two 2x12 members placed 
side by side and nailed together). The moment of inertia is based on a strength 
design with an allowable bending stress of 825 psi, clear span of 9.5 ft, and a 
400 lbs/ft load (approximate weight of roof and trusses carried by the garage 
door beam). The other model is a continuous beam supported by five columns. 
See Figure 3.25. Initially, the beams and the columns are given the same 
properties as the corresponding elements in the original FEA model. See Table 
3.9. 
 
Table 3.9 Element properties in the continuous beam model 
 Element Type E (ksi) A (in2) I1 (in
4) I2 (in
4) 
Columns CROD 1400 10.99 -- -- 




Figure 3.25 Continuous beam model 
 
Under a unit distributed load of 1 kip/inch (unit load used for model 
calibration purposes), the first model has a mid-span displacement of 4.85 inches. 
The intent is to adjust the Young’s modulus of the columns of the second model 
such that the mid-span displacement matches that of the first. The required E 
was found to be 52 ksi. Therefore, with regard to the axial flexibility of the wall 
supporting the trusses above, the garage door beam and wall opening can be 
approximated by reducing E values of the stud members in the area of the 
garage door in the original FEA model. 
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3.7 FEA Results under the Effect of the Garage Door Opening 
The new FEA results are given in Figure 3.26. Comparing the results of 
the original model, which did not adjust for the presence of the garage door 
opening, to the model that did adjust for the garage door opening, it is found that 
the load cell values of S17 through S21 in the new FEA model reduced about 
10%. The load cell values of S16 and S22 increased a large amount (see Figure 
3.27). Hence, the reactions of these load cells do not “pair up” with any other 
symmetric locations on the structure and are not considered for statistical 
































































Initial FEA Results New FEA Results(Grage Door Opening Considered)
 
Figure 3.27 Comparison of two FEA results 
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CHAPTER 4 
CAUSES OF REACTION VARIABILITY 
4.1 Comparison of Experimental and Theoretical Data 
In the last chapter, the theoretical finite element results were presented. In 
this chapter, the theoretical results from the last chapter will be compared with 
the original experimental results that were presented in section 2.4 of Chapter 2. 
(See Figure 4.1) The intent is to identify possible sources of variability.  
To study the variability, this chapter will focus on eight typical load cells S8 





















Experimental Results FEA Results
 

































Experimental Results FEA Results
 
Figure 4.2 Comparison of values of load cells S8 through S15 
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4.2 Hypothesis 
The large discrepancy between experimental and FEA results shown in 
Figure 4.1 and Figure 4.2 may have been produced from various sources. 
Possible sources include: member geometry variations, material stiffness 
variations, roof weight variation (due to variations in component density or 
component volume), foundation settlement, and instrument error. Based on a 
physical inspection of the structure, most of these sources can be reasonably 
eliminated. Sources of discrepancy which cannot be eliminated due to inspection 
include: 
1. Variability in member geometry, particularly stud length. 




The effect that stud length variability may have on reactions can be 
investigated by enforcing vertical displacements at the bottom grid points of the 
stud elements (CROD). The assumption here is that studs are likely to be slightly 
different in height (i.e. fraction of an inch, within tolerable construction practice), 
either due to variations in the cut length, floor slope, or both, the connecting 
structural members that are continuous over the studs will be elastically 
deformed to conform to the new geometry. Members primarily affected are top 
plates and roof sheathing panels. The latter are affected since they will be flexed 
and secured over slightly non-aligning truss top members, which may not align 
vertically due to the variations in truss support (i.e. wall stud) 
The effect of material property variation was studied by changing the E 
value associated with the Bv elements (CBAR). It is found that a reasonable 
change in E of beams has negligible impact on the reaction forces (differences of 
reaction values are on generally less than 1%).  
However, the structure is sensitive to small length variations of the studs. 
A small settlement of one stud can lead to a significant decrease of the load cell 
value corresponding to that stud. Meanwhile, the reaction forces beside this stud 
tend to increase. 
Consider the row of studs in Figure 4.2, which show significant variability 
in the experimental results, but should theoretically be approximately uniform. 
Simulations show that by imposing a small downward displacement of 0.02 
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inches at the bottom grid points of the studs under load cells S8, S11, S14, the 
experimental trend could be closely matched. Note that a load factor of 0.7 was 
also included in the dead load of the roof to account for an apparent discrepancy 
in the theoretical and experimental results. Figure 4.3 displays the comparison 
after adjustment. Therefore, it appears reasonable to assume that a significant 




































Experimental Results FEA Results
 
Figure 4.3 Comparison after adjustment 
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CHAPTER 5 
EXPERIMENTAL DATA STATISTICS AND DISTRIBUTION 
5.1 Experimental Data Summary 
5.1.1 Normalized Data 
The original experimental data are listed in the tables in Chapter 2. They 
are all from the load cells under the roof. As mentioned before, there are 76 
studs in total with 68 load cells installed above. Because the house is bi-axially 
symmetric, the load cells can be divided into 17 data sets with 4 data points in 
each set. Each set represents 4 data points which should theoretically have 
identical reaction values. For example, the data from load cells S22, S01, N22, 
and N01 are in a symmetric set. Table 5.1 shows all the data sets.  
As discussed in chapter 3, the garage door in the south wall has a 
comparatively large effect on some of the load cell reactions. Therefore, the data 
from the affected load cells (S16-22) and those in the same symmetric sets (S1-7, 
N16-22, and N1-7) are excluded. Thus, the first 7 sets in Table 5.1 are not 
considered. Consequently, 40 data in 10 total sets are under consideration. The 
reduced data sets are listed in Table 5.2. Notice that each data set has a 
different mean value. For an unbiased measure of variance to be computed, 
without weighing the significance of one data set over another, the means of 
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each set are normalized. This normalization is accomplished by dividing each 
datum by the mean value from its data set.  Therefore, all normalized sets of data 
have a mean value of 1. See Table 5.3. 
 
Table 5.1 Data sets 
Data Sets (17 in total) 
S22-S01-N22-N01 80 129 115 217 
S21-S02-N21-N02 263 156 182 122 
S20-S03-N20-N03 261 343 368 296 
S19-S04-N19-N04 170 334 208 259 
S18-S05-N18-N05 255 336 258 306 
S17-S06-N17-N06 313 347 260 349 
S16-S07-N16-N07 245 187 238 260 
S15-S08-N15-N08 286 185 356 109 
S14-S09-N14-N09 175 228 250 218 
S13-S10-N13-N10 216 223 310 273 
S12-S11-N12-N11 250 161 223 211 
W12-W01-E12-E01 108 91 124 103 
W11-W02-E11-E02 183 132 144 167 
W10-W03-E10-E03 59 75 118 79 
W09-W04-E09-E04 97 140 78 115 
W08-W05-E08-E05 144 91 67 62 
W07-W06-E07-E06 66 77 111 125 
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Table 5.2 Reduced data sets 
Reduced Data Sets (10 in total) 
S15-S08-N15-N08 286 185 356 109 
S14-S09-N14-N09 175 228 250 218 
S13-S10-N13-N10 216 223 310 273 
S12-S11-N12-N11 250 161 223 211 
W12-W01-E12-E01 108 91 124 103 
W11-W02-E11-E02 183 132 144 167 
W10-W03-E10-E03 59 75 118 79 
W09-W04-E09-E04 97 140 78 115 
W08-W05-E08-E05 144 91 67 62 
W07-W06-E07-E06 66 77 111 125 
 
 
Table 5.3 Normalized data sets 
Normalized Data Sets 
S15-S08-N15-N08 1.222 0.791 1.521 0.466 
S14-S09-N14-N09 0.804 1.047 1.148 1.001 
S13-S10-N13-N10 0.845 0.873 1.213 1.068 
S12-S11-N12-N11 1.183 0.762 1.056 0.999 
W12-W01-E12-E01 1.014 0.854 1.164 0.967 
W11-W02-E11-E02 1.169 0.843 0.920 1.067 
W10-W03-E10-E03 0.713 0.906 1.426 0.955 
W09-W04-E09-E04 0.902 1.302 0.726 1.070 
W08-W05-E08-E05 1.582 1.000 0.736 0.681 
W07-W06-E07-E06 0.697 0.813 1.172 1.319 
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5.1.2 Statistical Description of Data 
From the normalized values, the mean coefficient of variation can be 
computed. The results are listed in Table 5.4. 
 
Table 5.4 Summary of experimental data statistics 
Mean value 1 
Coefficient of Variation 0.24 
 
A frequency histogram is constructed to describe the shape of the 
distribution of the data. The horizontal axis is divided into 6 intervals. Each 
interval has a width 0.2. The histogram is shown in Figure 5.1. 
The cumulative probability for the normalized data is calculated and the 
plot is shown in Figure 5.2. 
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Figure 5.1 Histogram for normalized data 
 































Figure 5.2 Normalized data cumulative probability 
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5.2 Distribution Fitting 
Several different goodness-of-fit tests can be used to suggest if the 
distribution of reaction uncertainty data is similar to a common theoretical 
distribution. 
The chi-square, Kolmogorov-Smirnov, and Anderson-Darling tests are 
used for the above purpose. The considered distributions are normal, log-normal, 
and type I extreme value. First, the basic characteristics of these three 
distributions are summarized. Then, the three goodness-of-fit tests are performed. 
5.2.1 Normal, Log-normal and Type I Extreme Value Distribution 
The normal distribution is widely used in engineering applications  

















                              (3)  
The cumulative distribution function (CDF) of normal distribution is: 
( ) ( )
x
X XF x f x dx

                                                       (4) 
The log-normal distribution is a distribution in which the logarithm of a 
variable has a normal distribution. It is right-skewed. See Figure 5.3. 
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The parameters of this PDF can be calculated by: 
      2ln ln
1
ln( ) ( )
2
X X X                                                    (6) 
2
ln ln( 1)X V                                                            (7) 
where V is the coefficient of variation of the sample data. 
The CDF of log-normal distribution is 
0
( ) ( )
x















































Prob. density Distribution function
 
Figure 5.3 Lognormal Distribution 
 
The extreme values are either the largest values or the smallest values 
from a sample of size n within a known population. The CDF of the extreme 
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value approaches an asymptotic distribution of the extreme value as n increases 
(Ang and Tang 2007). 
Since there are three types of such asymptotic distributions, three types of 
extreme value distributions exist. 
The type I extreme value distribution is one of the three extreme value 
distributions. It is also known as Gumbel distribution and often used in predicting 
the chance that an extreme earthquake, flood or other natural disaster will occur. 






                                                          (9) 
The approximate values of the two distribution parameters can be 






                                                          (10)                                               
    0.45X Xu                                                   (11) 
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5.2.2 Chi-square Test 
The chi-square test is also known as the Pearson chi-square test. In the 
chi-square goodness-of-fit test, the test statistic is calculated by the following 
steps. Results are shown in Table 5.5. 
1 The data are divided into six categories. The upper limit is 1.65, the 
lower limit is 0.45, and the interval width is 0.2. See section 5.1. 
2 The observed frequency for category i is counted and denoted as Oi. 
3 The theoretical frequency for category i is calculated as Ei.  Either PDF 
or CDF is used in the frequency calculation. 
4 The chi-square test statistic is defined as  













                                                 (12) 
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0.45-0.65 1 2.44 
3.70 
0.65-0.85 11 7.74 
0.85-1.05 12 12.69 
1.05-1.25 11 10.76 
1.25-1.45 3 4.72 








0.45-0.65 1 1.73 
1.69 
0.65-0.85 11 9.61 
0.85-1.05 12 13.72 
1.05-1.25 11 9.16 
1.25-1.45 3 3.94 








0.45-0.65 1 1.03 
1.72 
0.65-0.85 11 10.38 
0.85-1.05 12 14.61 
1.05-1.25 11 8.50 
1.25-1.45 3 3.51 
1.45-1.65 2 1.28 
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5.2.3 Kolmogorov-Smirnov Test 
The Kolmogorov-Smirnov (K-S) test is based on comparing the CDF of the 
data to the CDF of a test distribution. The test statistic is calculated with the 
following steps. Results are shown in Table 5.6, Table 5.7 and Table 5.8 
1 The 40 normalized data are ordered from small to large. 
2 The experimental distribution function (ECDF) is defined as: 
1( ) ,     for ,     = 1, 2, ..n-1i i
i
S x x x x i
n
                             (13) 
3 The theoretical CDF can be obtained from the corresponding distribution 
parameters. Then, the theoretical cumulative probability F (xi) at every sample 
point xi is calculated.  
4  The test statistic for K-S test is represented as follows: 
 max ( )i iDn S x F x                                                     (14) 
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0.47 0.02 0.01 1.00 0.51 0.50 
0.07 
0.68 0.05 0.09 1.00 0.54 0.50 
0.70 0.07 0.10 1.01 0.56 0.52 
0.71 0.10 0.12 1.05 0.59 0.58 
0.73 0.12 0.13 1.06 0.61 0.59 
0.74 0.15 0.14 1.07 0.63 0.61 
0.76 0.17 0.16 1.07 0.66 0.61 
0.79 0.20 0.19 1.07 0.68 0.61 
0.80 0.22 0.21 1.15 0.71 0.73 
0.81 0.24 0.22 1.16 0.73 0.75 
0.84 0.27 0.26 1.17 0.76 0.76 
0.85 0.29 0.26 1.17 0.78 0.76 
0.85 0.32 0.27 1.18 0.80 0.78 
0.87 0.34 0.30 1.21 0.83 0.81 
0.90 0.37 0.34 1.22 0.85 0.82 
0.91 0.39 0.35 1.30 0.88 0.90 
0.92 0.41 0.37 1.32 0.90 0.91 
0.95 0.44 0.42 1.43 0.93 0.96 
0.97 0.46 0.45 1.52 0.95 0.99 



























0.47 0.02 0.01 1.00 0.51 0.55 
0.06 
0.68 0.05 0.09 1.00 0.54 0.55 
0.70 0.07 0.10 1.01 0.56 0.57 
0.71 0.10 0.12 1.05 0.59 0.62 
0.73 0.12 0.13 1.06 0.61 0.64 
0.74 0.15 0.14 1.07 0.63 0.65 
0.76 0.17 0.16 1.07 0.66 0.65 
0.79 0.20 0.19 1.07 0.68 0.66 
0.80 0.22 0.21 1.15 0.71 0.76 
0.81 0.24 0.22 1.16 0.73 0.78 
0.84 0.27 0.26 1.17 0.76 0.78 
0.85 0.29 0.26 1.17 0.78 0.78 
0.85 0.32 0.27 1.18 0.80 0.80 
0.87 0.34 0.30 1.21 0.83 0.83 
0.90 0.37 0.34 1.22 0.85 0.83 
0.91 0.39 0.35 1.30 0.88 0.89 
0.92 0.41 0.37 1.32 0.90 0.90 
0.95 0.44 0.42 1.43 0.93 0.95 
0.97 0.46 0.45 1.52 0.95 0.97 



























0.47 0.02 0.00 1.00 0.51 0.57 
0.08 
0.68 0.05 0.05 1.00 0.54 0.57 
0.70 0.07 0.06 1.01 0.56 0.59 
0.71 0.10 0.07 1.05 0.59 0.65 
0.73 0.12 0.09 1.06 0.61 0.66 
0.74 0.15 0.10 1.07 0.63 0.68 
0.76 0.17 0.13 1.07 0.66 0.68 
0.79 0.20 0.18 1.07 0.68 0.68 
0.80 0.22 0.20 1.15 0.71 0.78 
0.81 0.24 0.22 1.16 0.73 0.79 
0.84 0.27 0.27 1.17 0.76 0.80 
0.85 0.29 0.28 1.17 0.78 0.80 
0.85 0.32 0.29 1.18 0.80 0.81 
0.87 0.34 0.33 1.21 0.83 0.84 
0.90 0.37 0.39 1.22 0.85 0.84 
0.91 0.39 0.40 1.30 0.88 0.89 
0.92 0.41 0.42 1.32 0.90 0.90 
0.95 0.44 0.49 1.43 0.93 0.94 
0.97 0.46 0.51 1.52 0.95 0.97 
1.00 0.49 0.57 1.58 0.98 0.98 
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5.2.4 Anderson-Darling Test 
The Anderson-Darling (A-D) test places greater weight on the tails of the 
distribution. The test statistic is defined as follows.  
    2 1
1
2 1









   
      
  
                     (15) 
Results are shown in Table 5.9, Table 5.10 and Table 5.11 
The results from three tests show that the log-normal distribution has a 
smaller test statistics, so log-normal distribution is chosen as the probability 
model to represent the reaction variability. 
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0.466 -4.36 -4.89 1.000 -0.69 -0.69 
0.26 
0.681 -2.39 -4.22 1.001 -0.69 -0.59 
0.697 -2.28 -3.28 1.014 -0.65 -0.55 
0.713 -2.16 -2.40 1.047 -0.55 -0.46 
0.726 -2.07 -2.27 1.056 -0.52 -0.43 
0.736 -2.00 -1.73 1.067 -0.49 -0.42 
0.762 -1.83 -1.68 1.068 -0.49 -0.35 
0.791 -1.66 -1.51 1.070 -0.49 -0.32 
0.804 -1.58 -1.44 1.148 -0.31 -0.30 
0.813 -1.53 -1.43 1.164 -0.28 -0.30 
0.843 -1.36 -1.40 1.169 -0.27 -0.24 
0.845 -1.35 -1.32 1.172 -0.27 -0.23 
0.854 -1.30 -0.95 1.183 -0.25 -0.21 
0.873 -1.21 -0.95 1.213 -0.21 -0.17 
0.902 -1.07 -0.94 1.222 -0.19 -0.15 
0.906 -1.06 -0.90 1.302 -0.11 -0.13 
0.920 -1.00 -0.86 1.319 -0.10 -0.12 
0.955 -0.86 -0.74 1.426 -0.04 -0.11 
0.967 -0.81 -0.70 1.521 -0.01 -0.10 
0.999 -0.70 -0.69 1.582 -0.01 -0.01 
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0.466 -7.00 -3.93 1.000 -0.60 -0.79 
0.18 
0.681 -2.72 -3.54 1.001 -0.60 -0.67 
0.697 -2.54 -2.95 1.014 -0.56 -0.63 
0.713 -2.36 -2.32 1.047 -0.47 -0.52 
0.726 -2.23 -2.23 1.056 -0.45 -0.48 
0.736 -2.13 -1.79 1.067 -0.43 -0.47 
0.762 -1.89 -1.75 1.068 -0.42 -0.39 
0.791 -1.66 -1.60 1.070 -0.42 -0.34 
0.804 -1.56 -1.54 1.148 -0.28 -0.32 
0.813 -1.50 -1.53 1.164 -0.25 -0.32 
0.843 -1.30 -1.50 1.169 -0.25 -0.25 
0.845 -1.29 -1.42 1.172 -0.24 -0.24 
0.854 -1.23 -1.07 1.183 -0.23 -0.21 
0.873 -1.13 -1.06 1.213 -0.19 -0.16 
0.902 -0.98 -1.06 1.222 -0.18 -0.13 
0.906 -0.96 -1.01 1.302 -0.11 -0.11 
0.920 -0.90 -0.98 1.319 -0.10 -0.10 
0.955 -0.76 -0.84 1.426 -0.05 -0.08 
0.967 -0.71 -0.80 1.521 -0.03 -0.07 
0.999 -0.61 -0.79 1.582 -0.02 0.00 
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0.466 -9.82 -3.93 1.000 -0.56 -0.84 
0.34 
0.681 -3.10 -3.80 1.001 -0.56 -0.72 
0.697 -2.85 -3.47 1.014 -0.52 -0.67 
0.713 -2.61 -3.11 1.047 -0.44 -0.55 
0.726 -2.44 -2.96 1.056 -0.42 -0.50 
0.736 -2.31 -2.69 1.067 -0.39 -0.49 
0.762 -2.01 -2.39 1.068 -0.39 -0.40 
0.791 -1.72 -2.30 1.070 -0.39 -0.35 
0.804 -1.61 -1.89 1.148 -0.25 -0.32 
0.813 -1.53 -1.84 1.164 -0.23 -0.32 
0.843 -1.30 -1.69 1.169 -0.23 -0.24 
0.845 -1.29 -1.63 1.172 -0.22 -0.22 
0.854 -1.22 -1.62 1.183 -0.21 -0.20 
0.873 -1.11 -1.60 1.213 -0.18 -0.14 
0.902 -0.95 -1.59 1.222 -0.17 -0.10 
0.906 -0.93 -1.58 1.302 -0.11 -0.09 
0.920 -0.86 -1.52 1.319 -0.10 -0.08 
0.955 -0.72 -1.37 1.426 -0.06 -0.06 
0.967 -0.67 -1.29 1.521 -0.03 -0.05 






5.3 Statistics for Variation in Load Path 
In Chapter 4, one of the likely causes of the reaction variability was 
identified. Then the statistics for the reaction variability were developed in the first 
part of Chapter 5.  
To develop statistics to be used in the subsequent reliability calculation, 
the variability of reaction forces is divided into two components. One is related to 
the variation of dead load itself. The other is associated to the variability of load 
path in the wood structural system. 
A reaction force can be described with the following equation: 
dF F U                                                    (16) 
where U is the RV that accounts for the variation of load path only, Fd is the RV 
representing  the variation of dead load and F is the RV representing the actual 
reaction forces. 
The coefficient of variation of reaction forces can be written as (neglecting 
higher order terms): 
2 2 2
F Fd UV V V                                             (17) 
Using VF =0.24 and VFd = 0.1, VU can be computed to be 0.22. 
The theoretical distribution of random variable U is realistically assumed to 





RELIABILITY ASSESSMENT AND ADJUSTMENT FACTORS 
6.1 Wood Members Design 
6.1.1 LRFD Design 
The wood members considered in this study are based on the 2005 
edition of the National Design Specification for Wood Construction (NDS) 
(American Forest & Paper Association and American Wood Council 2005). LRFD 
applies probabilistic analysis of loads and resistances to the design, and 
recognizes the variability of resistance and load effect explicitly by using partial 
safety factors. 
The calculation procedures for final design values of columns and beams 
are shown in Table 6.1. First, the original reference design values listed in the 
NDS supplement are converted to nominal strength in LRFD format. Then, it is 
possible to get the nominal resistance and adjusted resistance in LRFD format. 
Finally, the resistance factor is applied to the adjusted resistance to get the final 
design value for wood members. 
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Fcn = Fc X KF Fbn = Fb X KF Fvn = Fv X KF
Nominal 
Resistance 




Pn’ = Pn X 
(product of 
adjustment factors)
Mn’ = Mn X 
(product of 
adjustment factors)













One of the characteristics of probability-based LRFD for wood includes a 
time effect factor. The time effect factor   is used to account for the load 
duration effect because wood is generally stronger under loads of short duration 
and weaker under loads of long duration. It is used to adjust the design 
resistance to ensure that consistent reliability is achieved for various load 
duration effects (Ellingwood and Rosowsky 1991, Breyer et al. 2007). In this 
study, only dead load and occupancy live load are considered. The load 
combination of 1.2D+1.6L in ASCE7-05 (Structural Engineering Institute 2006) is 
used. The associated time effect factor is 0.8 (Ellingwood 1997). 
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In LRFD, a resistance factor   is used to consider the variability of 
resistance. The   for bending, shear and compression limit states are given as 
0.85 and 0.75 and 0.9, respectively (Ellingwood 1997). 
6.1.2 Wood Members Design 
The wood members designed in this section include beams and columns. 
They are designed using two different types of wood products, sawn lumber and 
glued laminated timber (glulam). 
Two limit states are studied for beams. One is a bending limit state and 
the other is a shear limit state. Deflection and bearing are not considered in this 
study. In the bending situation, lateral stability is not considered. In the shear 
situation, horizontal shear strength is considered because of the weakness of the 
shear strength parallel to the grain. In NDS, the reference strengths for bending 
and shear are represented as Fb and Fv, respectively. 
For columns, axial compression loads are considered. Column stability is 
taken into account in the column stability factor CP, which is derived from Euler 
critical stress for columns. 
In NDS, the reference strength for compression is represented as Fc. 
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Sawn lumber members are cut directly from logs. They are usually visually 
graded and include a wide range of species. In this study, Southern Pine is 
considered. Southern Pine is the strongest softwood structural lumber species of 
all commonly used wood species.  
Glulam members are made from small pieces of lumber laminations. They 
overcome the size restriction of sawn lumber and have larger strength and 
stiffness. They can be made out of different wood species with Southern Pine 
laminations usually thinner and narrower than Western species. The grading 
method is comparatively complex and is discussed elsewhere. (Breyer et al. 
2007). 
Wood grades used in the wood member design are given in Table 6.2. 
Adjustment factors are given in Table 6.3. Member geometry and material 
property are given in Table 6.4--Table 6.6. 
 















Table 6.3 Adjustment factors used in the wood member design 
Sawn lumber Glulam
Size factor CF=1 Volumn factor Cv=0.997
Sawn lumber Glulam
No CF No Cv and CP
Sawn lumber Glulam









Table 6.4 Design parameters for wood member design-bending 
Member Geometry Sawn Glulam
length (in) 120 120
thickness (in) 3.5 5.0










Material Property Sawn Glulam
E (psi) 1800000 1400000
Emin (psi) 660000 730000
Fb (psi) 2550 1600  
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Table 6.5 Design parameters for wood member design-shear 
Member Geometry Sawn Glulam
length (in) 120 120
thickness (in) 3.5 5.0







Material Property Sawn Glulam
E (psi) 1800000 1400000
Emin (psi) 660000 730000
Fv (psi) 175 300  
 
 
Table 6.6 Design parameters for wood member design-compression 










Material Property Sawn Glulam
E (psi) 1800000 1900000
Emin (psi) 660000 980000
Fc (psi) 2000 2300  
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6.1.3 Load Ratio 
In section 6.1.2, the adjusted nominal resistance can be calculated from 
the values of geometric and material properties. Based on LRFD design, the 
factored nominal load effect must be less than or equal to the factored adjusted 
nominal resistance.  
Nominal load ratio is defined as: nominal live load effect Ln, divided by 
nominal dead load effect Dn. For wood members, it falls commonly in the range 
of 3-4 (Rosowsky et al. 2005). In this study, three different load ratios 3, 4 and 5 
are used for reliability analysis. 
The tables below show the nominal resistances and load effects from the 
wood member design. 
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Table 6.7 Nominal resistances and load effects for wood structural 
members 
Sawn lumber (in-lb) Glulam (in-lb)
Mn' 91476 Mn' 326998
Load ratio = 3 Dn 12959 Load ratio = 3 Dn 46325
Ln 38877 Ln 138974
Mn' 91476 Mn' 326998
Load ratio = 4 Dn 10231 Load ratio = 4 Dn 36572
Ln 40923 Ln 146289
Mn' 91476 Mn' 326998
Load ratio = 5 Dn 8452 Load ratio = 5 Dn 30212
Ln 42258 Ln 151059
Sawn lumber (lb) Glulam (lb)
Vn' 5174 Vn' 25344
Load ratio = 3 Dn 647 Load ratio = 3 Dn 3168
Ln 1940 Ln 9504
Vn' 5174 Vn' 25344
Load ratio = 4 Dn 511 Load ratio = 4 Dn 2501
Ln 2043 Ln 10004
Vn' 5174 Vn' 25344
Load ratio = 5 Dn 422 Load ratio = 5 Dn 2066
Ln 2109 Ln 10330
Sawn lumber (lb) Glulam (lb)
Pn' 49930 Pn' 117255
Load ratio = 3 Dn 7489 Load ratio = 3 Dn 17588
Ln 22468 Ln 52765
Pn' 49930 Pn' 117255
Load ratio = 4 Dn 5913 Load ratio = 4 Dn 13885
Ln 23651 Ln 55542
Pn' 49930 Pn' 117255
Load ratio = 5 Dn 4884 Load ratio = 5 Dn 11471







6.2 Structural Safety Review 
6.2.1 Performance Functions 
Performance functions are also called limit state functions. In this study, 
only ultimate limit states (ULS) are considered. Failures of structures related to 
ULS are usually caused by excess moment, shear, or buckling.   
In this study, four random variables R, D, L, and U are used for the 
performance functions. U is used to reflect the variability in load path in the 
structural system, which is described in the last chapter. R is used to represent 
resistance. D and L are used to represent load effects of dead load and live load, 
respectively. The statistics and distribution of the random variables R, D and L 
are given in section 6.3. 
Two performance functions in Table 6.8 are investigated. Case 1 
corresponds to the current design specification, namely NDS. Case 2 is 
examined for the purpose of this study, which is to investigate the effect of load 
path variability on the wood design.  
Each function is related to a limit state. If g>0, the member is safe. If g<0, 
the member fails. The limit state boundary can be expressed by g=0. 
 
Table 6.8 Performance functions 
Case perfomance function
1 g(R,D,L)=R-(D+L)
2 g(R,D,L)=R-U(D+L)  
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6.2.2 Probability of Failure and Reliability Index 
Probability of failure is defined in terms of the performance function as: 
Pf = P(g<0)  
The reliability index can be calculated by a variety of methods. Widely 
used are analytical methods such as the first-order second-moment mean value 
(FOSM) (Cornell 1969), the Hasofer-Lind method (AFOSM) (Hasofer and Lind 
1974), the Rackwitz-Fiessler method (FORM) (Rackwitz and Fiessler 1978), the 
second order reliability method (SORM) (Der Kiureghian et al. 1987), and 
simulation methods. Each method has its own advantages and disadvantages. 
The method used in this study is Monte Carlo simulation. It yields accurate 
results with sufficient samples, although it is often computationally expensive. 
Reliability index can be found by: 
 1 fP                                                          (18) 




6.3 Resistance and Load Models 
6.3.1 Type III Extreme Value Distribution 
The Type III extreme value distribution is also known as the Weibull 
distribution. The smallest value form is of interest here. It has two different types: 
the two-parameter distribution and the three parameter distribution. In this study, 
the two-parameter distribution is assumed to characterize the strength properties 
of sawn lumber and glulam (Rosowsky et al. 2005). The CDF of the two 








                                                          (19) 
where  
 c is  the scale parameter 
h is the shape parameter 
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                                                     (20) 
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    
                              (21) 
where ( )n  is the gamma function, ( ) ( 1)!n n    
 
 83 
6.3.2 Resistance Statistics 
The uncertainty of resistance comes from several sources, including 
material properties, member geometric properties, and approximate analysis 
method and stress models. 
Some early research and test data show that the bias factor varies 
depending on the nominal size of wood members. COV also varies in a 
comparatively wide range. However, the resistance statistics used in this study is 
from the latest recommended benchmark values (Rosowsky et al. 2005). 
The bias factor and coefficient of variation for wood members are 
summarized and given in Table 6.9. 
 
Table 6.9 Resistance statistics for various wood structural products 
Sawn lumber Glulam 
bias factor 1.29 bias factor 1.12
COV 0.20 COV 0.15
Sawn lumber Glulam 
bias factor 1.11 bias factor 0.99
COV 0.20 COV 0.15
Sawn lumber Glulam 
bias factor 1.09 bias factor 1.09






6.3.3 Load Statistics and Distribution 
Generally, the uncertainty of load effect arises from the variability of load 
itself, the load modeling approximation, and the load effect analysis. The 
uncertainty from load effect analysis includes the idealization of 3D structures, 
boundary conditions, and connections (Ellingwood et al. 1980).  
Live load includes the weight of people and their possessions, furniture, 
movable partitions, and equipment. The magnitude and placement of live load 
change with time. The total live load includes sustained live load (arbitrary point-
in-time live load), and transient live load. 
Sustained live load is the typical weight of people and their possessions, 
furniture, movable partitions, and equipment. Based on live load survey results, it 
is best characterized by a Gamma distribution (Corotis 1977).  
Transient live load is the extraordinary part of total live load, which takes 
into account the weight of people and their possessions that exist in an abnormal 
situation.  
In this study, the 50-year maximum total live load is used. Unlike the 
sustainable live load, the statistics of 50-year maximum total live load is 
estimated from sustainable live load (Chalk and Corotis 1980). A Type I extreme 
value distribution of largest values is used as the load model. The distribution 
parameters of the Type I extreme value distribution were introduced in Section 
5.2.1. The statistics and distributions for dead load and live load effect are given 
in Table 6.10. 
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Table 6.10 Statistics and distributions for load effect 
Dead Load Effect Live Load Effect
bias factor 1.05 bias factor 1.00
COV 0.10 COV 0.25
Distribution Normal Distribution Extreme I  
6.4 Assessment of Reliability of Wood Members 
6.4.1 Monte Carlo Simulation 
Monte Carlo Simulation is a useful tool to solve a great many probabilistic 
problems.  
The essential procedure of Monte Carlo Simulation is the generation of the 
random values with prescribed probability distributions. To do this, a computer 
program is often used. The first step is to generate uniformly distributed random 
numbers between 0 and 1. Then based on these numbers, a series of random 
values with prescribed probability distribution are generated. For example, the 
distributions used in this study include the normal, lognormal, type I extreme 
value, and type III extreme value distributions. The formulas to generate the 
random values are given in Table 6.11.
 86 
Table 6.11 Generation of random number 
Distribution types Random number formula 
Standard Normal  1STDN RAND   
 
Normal 
STDN    
 
Log-normal STDNe    
 
Ext I  ln ln /RAND u      
 








RAND :  the uniformly distributed random number between 0 &1 
STDN :  the standard normal random number 
,  : distribution parameter for corresponding standard normal distribution 
,u : distribution parameters for type I extreme value distribution 
c, h:  distribution parameters for type III extreme value distribution 
 
When enough numbers are sampled from the respective probability 
distributions, failure can be seen as an event that includes the outcomes of g<0. 
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According to probability theory, for an experiment in which all of the individual 
outcomes are equally likely, the probability of failure can be estimated as: 
fP 
    The number of outcomes that g < 0      
The total number of outcomes
                         (22) 
An algorithm written in FORTRAN is used to perform the analysis with the 
total number of samples equal to 1 million. The analysis results are summarized 
in the next section. 
6.4.2 Results of Reliability Assessment 
As seen in section 6.2, the reliability indices will be calculated for two 
performance functions.  
β1 is used to represent the results from case No.1, which is based on 
design according to the current NDS code and without including the effect of 
reaction uncertainty (See Table 6.12).  
β2 is used to stand for the results from case No.2, which includes reaction 
uncertainty (See Table 6.13).  
In each limit state considered, six results are given because six different 





Figure 6.1 The six different combinations 
 
Table 6.12 Reliability Indices for wood structural members: original 
results (without reactions uncertainty) 
Lumber Glulam
load ratio=3 2.55 2.83
load ratio=4 2.59 2.89
load ratio=5 2.63 2.94
Lumber Glulam
load ratio=3 2.50 2.84
load ratio=4 2.55 2.90
load ratio=5 2.59 2.94
Lumber Glulam
load ratio=3 2.61 2.62
load ratio=4 2.68 2.68
























Table 6.13 Reliability Indices for wood structural members: secondary 
results (with reactions uncertainty) 
Lumber Glulam
load ratio=3 2.31 2.41
load ratio=4 2.37 2.48
load ratio=5 2.40 2.52
Lumber Glulam
load ratio=3 2.27 2.41
load ratio=4 2.32 2.48
load ratio=5 2.36 2.52
Lumber Glulam
load ratio=3 2.16 2.17
load ratio=4 2.24 2.24







The two sets of reliability indices results shown above demonstrate that 
the reaction variability indeed has a considerable effect on the structural safety. 
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6.5 Adjustment Factors and the New Results 
In this section, adjustment factors are computed and validated for each 
limit state. Three limit states are considered. 
In the beginning, the approximate linear relationship between the 
adjustment factor and reliability index is assumed. Therefore, the adjustment 
factor can be obtained through dividing secondary results by original results, β2 / 
β1. In this study, the arithmetic means of the β values in the previous section are 
calculated (See Table 6.14 and Table 6.15). Adjustment factors are then 
calculated from the corresponding mean values. 
This adjustment factor, denoted as Ks, would be called the “system load 
distribution factor” because it reflects the variability in load distribution to the 
structural members. It would be included in the design equation when designing 
components within a wood structural system with multiple load paths. Adjustment 
factors Ks are given in Table 6.16.  
 
































To investigate the effect of the adjustment factor, members are 
redesigned considering this additional factor (i.e. nominal design strength is 
reduced by the adjustment factor). The reliability indices are then computed 
again for the case No. 2 where the reaction variability is considered. The new 
results, designated as β3, are shown in Table 6.17. 
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Table 6.17 Reliability Indices for wood structural members: new results 
(with adjustment factors) 
Lumber Glulam
load ratio=3 2.58 2.74
load ratio=4 2.63 2.80
load ratio=5 2.66 2.84
Lumber Glulam
load ratio=3 2.53 2.75
load ratio=4 2.58 2.81
load ratio=5 2.61 2.86
Lumber Glulam
load ratio=3 2.67 2.67
load ratio=4 2.73 2.73







The new set of reliability indices are compared with the previous two sets 
of reliability indices in the following charts to illustrate the effect of reaction 
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Beta 1 Mean Beta 2 Mean Beta 3 Mean 
 
Figure 6.10 Comparison of three beta means (compression) 
 
Figure 6.4, Figure 6.7, and Figure 6.10 compares this new mean value 
with the preceding mean values. They demonstrate that β3 mean is very close to 








This thesis introduced a new adjustment factor for the probability-based 
load and resistance factor (LRFD) design. By investigating the empirical data of 
reaction forces for a wooden house built by the Forest Product Laboratory in 
2001, it is found that the reaction values of the roof exhibit great variability. To 
explore the causes of this variability, a 3-D finite element model was built and 
analyzed using commercial software MSC/Patran. After comparing the 
theoretical data with empirical data, it was found that differences in member 
geometry are a major cause of the reaction variability, while the structural 
behavior is not sensitive to the change in Young’s modulus.  
Several statistical tests such as Chi-square, Kolmogorove-Smirnov, and 
Anderson-Darling test were applied to the experimental data to find a best-fit 
theoretical distribution of the data from several candidate distributions. The log-
normal distribution was found to be the best fit. The variability of the normalized 
data was found to have a coefficient of variation of 0.24. The coefficient of 
variation associated with load path uncertainty was found to be 0.22. In 
examining the potential effect load path variability might have on structural safety, 
two different types of wood products, sawn lumber and glulam, were designed 
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based on NDS. The reliability was then assessed for two different performance 
functions under bending, shear and compression limit states using Monte Carlo 
simulation. The results show that: 
 Reaction variability has a substantial impact on the structural reliability. The 
reliability indices for beams drop about 12% and those for columns decrease 
nearly 17% after the uncertainty is taken account.  
 The reliability levels for glulam are obviously larger than those for sawn lumber 
in the cases of bending and shear limit states. However, the reaction 
uncertainty has greater effect on glulam members. 
 As the load ratio increases, the reliability levels tend to rise in a nonlinear 
fashion. 
 Wood members in a compressive limit state are most strongly affected by the 
variation in load path when compared with those in other limit states. 
Therefore, in the end, a new adjustment factor Ks, named the “system 
load distribution factor”, was introduced for each limit state to account for the 
variability in load distribution to wood members in wood structural systems. 
Several possible areas for future research are recommended: 
 More wood structural systems could be investigated to verify the effect of load 
path variability and to update the statistics. 
 Different adjustment factors can be assigned for different wood products to 
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